A credit value of virus inactivation has been assigned to the disinfection step in international and domestic guidelines for wastewater reclamation and reuse. To fulfill the credit value for water disinfection, water engineers need to apply an appropriate disinfection strength, expressed as a CT value (mg × min/L), which is a product of disinfectant concentration and contact time, against enteric viruses in wastewater. In the present study, we extracted published experimental data on enteric virus inactivation using free chlorine and monochloramine and applied the Tobit analysis and simple linear regression analysis to calculate the range of CT values (mg × min/L) needed for 4-log 10 inactivation. Data were selected from peer-reviewed papers containing kinetics data of virus infectivity and chlorine residual in water. Coxsackie B virus and echovirus require higher CT values (lower susceptibility) for 4-log 10 inactivation than adenovirus and a human norovirus surrogate (murine norovirus) with free chlorine. On the other hand, adenovirus has lower susceptibility to monochloramine compared to murine norovirus, coxsackievirus, and echovirus. The factors that influence the required CT value are virus type, pH, water temperature, and water matrix. This systematic review demonstrates that enteroviruses and adenovirus are appropriate representative enteric viruses to evaluate water disinfection using free chlorine and monochloramine, respectively.
INTRODUCTION
Fresh water is an unevenly distributed and scarce resource due to several factors, including human population growth in urbanized areas and global climate change. 1, 2 Wastewater reclamation and reuse, even for drinking purposes, has been regarded as a promising practice to mitigate water stress, 2, 3 although waterborne disease risks caused by pathogens in wastewater need to be properly managed. 4 Enteric viruses, in particular, warrant special attention as waterborne pathogens because of their high concentration in untreated wastewater. 5, 6 Guidelines for drinking water need to be followed when reclaimed wastewater is used as a drinking water source, and some domestic and international guidelines urge drinking water engineers to pay attention to enteric viruses in the source. For example, the United States Environmental Protection Agency (USEPA) has included adenovirus, caliciviruses (including norovirus), enterovirus (including polioviruses, coxsackievirus, and echovirus), and hepatitis A virus in the contaminant candidate list 4 (CCL4) in 2016 as common drinking water microbial contaminants. 7 In addition, the World Health Organization (WHO) guidelines for drinking water quality (2011) classify astroviruses, hepatitis E virus, sapovirus, and rotavirus as important pathogens with some evidence for high health risks. 8 The WHO guidelines for the safe use of wastewater, excreta, and greywater have recommended the multiple barrier system for health risk management in wastewater reclamation and reuse. 9 In the multiple barrier system, unit processes of wastewater treatment, such as a primary settlement process, a biological treatment process, an advanced oxidation process, a membrane filtration process, and a disinfection process, are combined to obtain a sufficient total log 10 reduction of pathogens in water. 10 In order to achieve a health-based target based on the tolerable loss of disability-adjusted life years (DALYs) per person per year, a virus reduction of 2-to 3-log 10 and 6-to 7-log 10 is required in the reclaimed water for restricted and unrestricted irrigation sources, respectively. 11 Another study recommended an additional 2-to 3-log 10 reduction of viruses in water to ensure the safety of recycled water for irrigation of food crops and drinking water purposes. 12 The final barrier in water and wastewater treatment processes is usually disinfection. Sodium hypochlorite, ozone, and peracetic acid are frequently used as disinfection agents in water and wastewater treatment plants in developed countries. 13 Among available disinfection agents, free chlorine (in sodium hypochlorite form) and monochloramine are still the most widely used disinfectants due to their low cost and efficacy for the inactivation of microbes, despite their limited surface contact area in the event that aggregates of enteric viruses are formed and there are disinfectant scavengers in water such as organic matter. 14, 15 The biocide effect of a disinfectant is expressed as a CT value, which is a product of disinfectant concentration and exposure time. In disinfection step of the multiple barrier system, the CT values (mg × min/ L) required to inactivate enteric viruses by a certain level (for example, a 2-log 10 reduction or 99% inactivation) need to be determined prior to the operation of a wastewater treatment system. 10 The USEPA guidance manual for compliance with the filtration and disinfection requirements for public water systems using surface water sources has shown that CT values of 3, 4, and 6 mg × min/L are required to get a 2-,3-, and 4log 10 virus reduction in water at 10°C and pH 6.0−9.0 by free chlorine. 16 The USEPA project summary has indicated the CT values of 1.1−2.5 and 0.01−0.05 mg × min/L needed for a 2log 10 reduction of poliovirus and rotavirus using free chlorine and 768−3740 and 3806−6476 mg × min/L with monochloramine, respectively. 17 WHO drinking water guidelines state that a CT value range from 2 to 30 mg × min/L is needed to obtain a 2-log 10 reduction of viruses at 0−10°C and pH 7−9. 8 However, there is yet to be any detailed sets of guideline CT values for each enteric virus listed as a water contaminant by USEPA and WHO.
This study aimed to estimate the CT values necessary to obtain sufficient log 10 reduction of enteric viruses using free chlorine and monochloramine. The CT values for a 4-log 10 reduction were derived to fulfill the minimum requirement of disinfectant process in drinking water regulation based on published data sets from various studies using a Tobit-censored or standard linear regression model.
PROTOCOLS OF DATA COLLECTION, SCREENING,
AND ANALYSIS WITH META-ANALYSIS Related data sets were collected and selected according to the 2015 PRISMA-P meta-analysis protocols. 18 The inactivation data collected in this study were from peer-reviewed articles: (1) written in English, excluding review papers, dissertations, online documents or reports, and proceedings of a conference or meeting; (2) published from 2000 to December 2018; (3) presenting experimental data obtained from water-related experiments; and (4) showing the combination of the CT value (the product of disinfection concentration and contact time) and log 10 reduction values (LRVs), or that of reduction kinetics of virus infectivity and chlorine decay. The efficiency factor hom (EFH) model was applied to the kinetics of virus infectivity and chlorine decay for calculating CT values and LRVs. 19, 20 Articles were eliminated if inactivation tests were conducted using food and hard/soft surface materials or different disinfectant agents. Articles showing only virus reduction kinetics were also eliminated because CT values could not be calculated using the EFH model due to the lack of chlorine decay data during the inactivation test.
We used NCBI and Google Scholar databases to identify articles published from 2000 to December 2018. The keywords used were "chlorine" + "disinfectant" + "kinetics" and the name of virus type, including "human norovirus" (HuNoV), "adenovirus" (AdV), "echovirus" (EV), or "coxsackie B virus" (CVB). Murine norovirus (MNV) was included as a surrogate for human norovirus due to the unavailability of robust cell lines for human norovirus infectivity assay. 21 Data were extracted from the articles by a single reviewer (ATR) and verified by another reviewer (DS). The extracted data included CT values, LRVs, tested virus strain, and experimental conditions of water matrices (pH, temperature, turbidity). After obtaining the initial screening results, each paper's title and abstract were cross-checked to ensure the paper fulfilled all the requirements mentioned above. Duplicates found in both databases were also eliminated in the final results.
Three methods were employed to extract the CT values and LRVs. First, when CT values calculated using the EFH model 19, 20 were provided in the selected paper, those CT values specified in the manuscript were directly used. Second, when all the EFH model parameter values were available in the manuscript, including Supporting Information (SI), a manual calculation was conducted to obtain the CT values needed for 2,3 and 4 LRVs using the EFH model described in the following formula: 19
where C t is the chlorine concentration at specific sampling times, ln N/N 0 is the natural log of the survival ratio (number of viruses remaining at time t divided by the number at initial time), C 0 is the initial concentration of chlorine, k* is the chlorine decay rate (min −1 ), m is the unity constant, n is the coefficient of dilution (dimensionless), and k' is the viral reduction rate (dimensionless). Third, when all data of infectivity reduction kinetics and chlorine decay were available only in graphs, we extracted the CT and log 10 points using ImageJ software.
The extracted CT values and LRVs from selected articles were combined together within the same virus species. If the slope of regression model parameters had no statistical differences between different genotypes/serotypes of a virus type tested by Ancova, these genotypes/serotypes were brought together in the regression analysis. A simple linear regression was used, but a Tobit regression model was applied only when an LRV data set was censored. 22, 23 Analysis of a covariance (Ancova) test was employed to determine whether regression slope coefficients were significantly different among experimental conditions, including test viral types, pH, and temperature. After the criteria mentioned above were fulfilled, a pH ranged of 6−9 and temperature of 5−20°C were chosen to obtain optimum inactivation process and closer condition with real treated wastewater and drinking water resources.
In the Tobit and simple regression models, the LRV was used as a dependent variable, and the CT value was the independent variable. Correlation parameters, including slope, intercept, and 95% confidence interval range, were generated as the output. Residuals to fitted values were compared and the adjusted determination coefficient (R 2 ) was calculated. Finally, the CT value for a 4-log 10 reduction was calculated based on a slope coefficient value in each data set.
(http://www.r-project.org). All R codes used in the calculation are included in the SI.
META-ANALYSIS RESULTS
3.1. Article Selection Process. In total, 5958 articles were partially duplicated, and based on the title and abstract content, 344 articles were verified for further screening through the employed criteria (SI Figure S1 ). Ninety-two articles were chosen after the initial screening, and of which 24 papers were selected for the full-text screening. In the end, we narrowed down the references to three articles on MNV, 24−26 three articles each on EV and CVB, 25−27 and seven articles on AdV. 25,28−33 Papers selected in this study used chlorine demand free buffer (CDF) and buffered, demand free (BDF) water as matrices buffers. Some studies have used real treated water to compare the effect of different water sources on the CT value. 26, 34 Temperature and pH values selected from the literatures ranged from 1 to 22°C and 6−9, respectively.
3.2. Free Chlorine and Monochloramine Inactivation of MNV. For MNV inactivation using free chlorine, we separated the data into two data sets based on different matrices used in the selected articles ( Figure 1 ). MNV type 1 (MNV-1) was used in the selected articles. The first data set was based on three sources of water (river, aqueduct, and groundwater) which contained total organic carbon (TOC) of 1.9−18 (mg/L as carbon). The oxidant demand-free (ODF) buffer was used in the second data set. To compare free chlorine inactivation for both data sets, only subsets of data generated from similar environmental condition (pH 7 and 7.2 with temperature of 5°C) were used in the calculation. As a result, the slope coefficient value derived from the first data set was significantly larger (53.01 ± 13.81) than that from the second data set (7.65 ± 2.16) using an oxidant demand-free buffer as a matrix (Ancova, Pr(F) = 0.04). The adjusted R 2 values (p value) in the first and second data sets were 0.75 (<0.001) and 0.84 (<0.03), respectively ( Figure 1A ). Slope coefficient values of 53.01 and 7.65 indicate that the 0.01 increment of the CT value is required to achieve 0.53 and 0.07 increases in log 10 reduction.
Data for MNV inactivation by monochloramine were separated based on temperature (5 and 15°C) with a pH range of 7−8 ( Figure 1B) . CT values appeared in the selected articles were extracted directly that included calculated CT values using the EFH model for 2-, 3-, and 4-log 10 reductions. The slope coefficient of a data set collected from experiments conducted at 15°C (0.028 ± 0.003) was significantly larger than those at 5°C (0.012 ± 0.001) (Ancova, Pr(>F) = 1.25 × 10 −5 ). The adjusted R 2 values were 0.68 and 0.69 for the first (15°C) and second (5°C) data sets, respectively. The slope coefficient values for monochloramine inactivation (0.012 and 0.0028) were much lower than those for free chlorine treatment (7.65 and 53.01).
3.3. Free Chlorine and Monochloramine Inactivation of AdV. Experimental conditions for AdV inactivation using free chlorine consist of four serotypes (AdV2, AdV5, AdV40, and AdV41), a pH range between 6.0 and 8.5, temperature at 1 and 5°C, and three types of buffer (demand-free borate buffer, buffered demand-free, and chlorine demand-free) as matrices ( Figure 2A ). CT value and log 10 reduction were extracted directly from the figures in the selected articles. A statistical difference between slope coefficients of AdV40 and AdV2 (pH 6.8−8 and temperature of 1 and 5°C) was observed (Ancova, Pr(>F) = 0.0005), but no statistical difference between AdV41 and AdV1 at pH 8.5 and 5°C (Pr (>F) = 0.51) was noted. Combined data sets consisting of all strains exhibited a slope coefficient of 10.41 ± 1.22 and p value of <0.0001 and adjusted R 2 of 0.58 (Figure 2A) .
AdV2, AdV5, and AdV41 were used in the monochloramine inactivation data set. At pH 6, 7, and 8, and temperature of 5°C , the combined inactivation data set of AdV2, 5, and 41 showed a slope coefficient of 0.003 ± 0.002, 0.001 ± 0.001, and 0.0006 ± 0.0004 with an adjusted R 2 values of 0.92, 0.88, Figure 1 . (A) Tobit and linear regression models for free chlorine inactivation of murine norovirus. First data set (blue square) employed real treated water with turbidity level ranging from 0.17 to 0.6 and TOC content level from 1.9 to 18 (mg-carbon/L), pH of 7, and temperature of 5°C. Second data set (brown triangle) used oxidant demand free (ODF) water with a pH of 7.2, and temperature of 5°C. Blank square dots represent the limit of detection for the inactivation assay and were considered as censored values in the tobit regression model. CT and log 10 reduction values were directly taken from the calculated CT value using the EFH model for 2,3, and 4log 10 reduction for the first data set and manual calculation based on provided EFH parameter constants and inactivation figures provided from selected manuscripts in the second data set. (B) Linear regression models for monochloramine inactivation of murine norovirus. First (blue square) and second data set (brown triangle) were obtained at 15 and 5°C, respectively. CT and log 10 reduction values were obtained in the same way with the first data set in the panel (A); as well as the experimental condition although the residual chlorine in the treated water was first removed by UV pretreatment. Regression slope is described with blue and red line and 95% confidence interval is indicated by the gray area. and 0.57, (p values <0.0001), at corresponding pH, respectively ( Figure 2B ). The slope coefficients for AdV inactivation with monochloramine at different pH (6, 7, and 8) were statistically different (Ancova, Pr(>F) = 2.42 × 10 −6 ). Overall, the monochloramine inactivation at 5°C for AdV generated higher lowest slope coefficient compared to that for MNV, EV, and CVB.
3.4. Free Chlorine and Monochloramine Inactivation of EV and CVB. A statistical difference in the slope coefficients for the EV inactivation data set with free chlorine between pH of 7.5 and 9 (ancova, Pr(>F) = 0.008) was found. The inactivation data sets of CVB and EV exhibited a similar slope coefficient value of (0.32 ± 0.003) ( Figure 3A ) and (0.38 ± 0.001) ( Figure 4A ) at pH 7.5 in the same experimental BDF buffer and with a temperature of 5°C, although a lower coefficient value was obtained at pH 9 (0.22 ± 0.007) ( Figure  3A) , and those slope values were statistically different from each other (Ancova, Pr(Pr > F) = 0.008).
Linear regression models for EV and CVB inactivation with monochloramine were created based on two water samples pretreated with UV to remove residual chlorine at 15 and 5°C (Figures 3 and 4 ). In the EV inactivation data set ( Figure 3B ), the slope coefficient at 15°C (0.001 ± 0.0002) was significantly higher than that at 5°C (0.0007 ± 0.00008) (Ancova, P(>F) = 3.74 × 10 −7 ). The adjusted R 2 values of slope coefficients were 0.52 and 0.67 for CVB and EV, respectively. The linear regression model of CVB ( Figure 4B ) showed a slope coefficient value that was higher at 15°C (0.07 Figure 2 . Linear regression model for (A) free chlorine and (B) monochloramine inactivation of adenovirus. Regression slope and the confidence interval of 95% are shown as a blue line and area between the gray line, respectively. For free chlorine inactivation data, some of the CT value and log 10 reduction values were manually calculated based on provided EFH constants in selected manuscripts where the others were extracted directly from figures describing CT value and log 10 values in the selected paper. The data set was acquired from varieties of buffers (demand-free borate buffer, buffered demand free, and chlorine-demand free) matrices with pH ranging from 6.0−8, and temperature of 1 and 5°C. For monochloramine inactivation data, the data set was extracted directly from the tables and figures describing CT value and log 10 reductions value within selected manuscripts. First (blue square), second (brown triangle), and third (light-green star) data sets were obtained at pH of 6, 7, and 8, respectively. The data set was acquired from chlorine free demand buffer (CDF), carbonate, phosphate, and borate buffer solution matrix with pH 6, 7, and 8 at 5°C. ± 0.0008) than at 5°C (0.0018 ± 0.0002) (Ancova, P(>F) = 2.43 × 10 −5 ) ( Table 2 ). The adjusted R 2 for both linear regression models at 15 and 5°C were 0.68 and 0.52, respectively.
3.5. CT Value Proposed for the 4-log 10 Reduction of Enteric Viruses. The CT value for the 4-log 10 reduction was calculated by dividing the log 10 reduction with the slope coefficient values generated by the Tobit or linear regression analysis. For the 4-log 10 reduction using free chlorine, MNV and AdV have the lowest CT value of 0.07 (0.05−0.12), and The two data sets were generated using the buffered, demand free (BDF) water at pH of 7.5 (blue square), and 9 (brown triangle), and both at a temperature of 5°C, respectively. (B) Both data sets used real treated water with turbidity level ranging from 0.17 to 0.6, TOC content ranging from 1.9 to 18 (mg-carbon/L), and pH ranging from 7 to 8. Residual chlorine in treated water was first removed by UV pretreatment. First (blue square) and second (brown triangle) data sets were obtained at temperature of 15 and 5°C, respectively. Regression slope is indicated with blue (panel A) and red (panel B) line with gray area representing the 95% confidence interval. CT and log 10 reduction values in both figures were directly taken from the calculated CT value using EFH model for 2-, 3-, and 4-log 10 reduction provided in the selected manuscripts. (Table 1) . Similar trends were observed in the CT value needed for 4log 10 reductions using monochloramine, where the lowest CT value was required for MNV at 142 (117−190) mg × min/L ( Table 2) , whereas the highest CT value was needed for the AdV 4-log 10 reduction with 6086 (4854−8124) mg × min/L ( Table 2 ).
DISCUSSION
We calculated CT values required for the 4-log 10 reduction of MNV, AdV, CVB, and EV with free chlorine and monochloramine in water by applying the data sets from the selected articles into the Tobit or linear regression model. In general, data analysis using the linear and Tobit censored regression analyses showed a fair to good fit which were shown by the adjusted R 2 ranging from 0.4 to 0.9. The residual plots fall in a horizontal band with no systematic or parabolic pattern, indicating that the residuals are homogeneously distributed (SI Figures S2−S7 ) except for CVB, which may be caused by the low number of data points. The correlation between CT values and log 10 reduction values were statistically significant (p < 0.05) in all graphs. In addition, the quantile−quantile plot of the residuals showed that residual plots followed a normal distribution, which is correlated to goodness of fit of the regression model 35 (SI Figures S8−S16) . From the 5958 articles found in the database, only 24 were selected (SI Figure S1 ) because of strict criteria, including peer-reviewed articles related to water and containing inactivation data and kinetics parameters, including chlorine decay rate. We recommend that the raw data sets, including the disinfectant decay rate, be shown in the Supporting Information section of articles, which will increase the visibility of the publication.
Not all enteric viruses are culturable in the host cells; thus, inactivation studies using infectivity assays may not be applicable for every enteric virus. Although PCR data have been used in the past, underestimation due to low viral RNA/ DNA recovery or overestimation caused by lack of discrimination of damaged and undamaged viral particles after chlorine inactivation remains an unsolved problem. 36 For that reason, a surrogate is employed as a proxy for the real target. Feline calicivirus (FCV), MNV, and Tulane virus are the most common surrogates for human norovirus due to their close genetic distance. MNV is more persistent over a wider range of pH and free chlorine inactivation, although it is weaker to alcohols compared to Tulane virus and FCV. 37, 38 In terms of thermal stability, the survival of MNV at low (4°C) and high (37−70°C) temperature is higher than that of FCV. 39, 40 Tulane virus was not included in this study due to the limitation of inactivation kinetics data. After the screening process, only the FCV and MNV data were useable for regression analysis. Furthermore, the adjusted R 2 and p values obtained in the regression analysis for FCV were low (data not shown), and therefore, we excluded FCV from further interpretation.
The linear and Tobit-censored regression analyses showed that human norovirus surrogates (MNV) had higher sensitivity to free chlorine and monochloramine compared to AdV, CVB, and EV. Enteroviruses, such as CVB and EV, had the highest CT values for free chlorine inactivation and AdV for monochloramine inactivation. The reason for varied susceptibilities among enteric viruses to chlorine-based disinfectants has not been fully determined, although it has been proposed that the kinetics of the inactivation were relevant to the 41 Free chlorine may target the capsid (VP1 and VP2) of MNV, as shown by the change of nucleotide sequences coding capsid proteins after exposure. 42 In echovirus inactivation by free chlorine (2 mg/L), the compound caused a slight loss of genome functionality, indicating a larger role for protein damage. 43 On the other hand, upon exposure to higher concentrations of chlorine (>2.5 mg/L), more genomic damage was observed, in which the hypochlorous acid (HOCl) might penetrate deeper into the capsid or damage the capsid integrity. 43 The gastroenteritis AdV41 has a lower susceptibility to free chlorine and monochloramine compared to AdV5, which is less frequently associated with gastroenteritis. 44−47 Monochloramine exposure inhibits the replication cycle of AdV despite of binding process to the host but before viral protein synthesis. 33 In the genogroup level of HuNoV, GII had higher LRVs to chlorine disinfection in WWTP compared to GIV and GI. 5, 6 Meister et al. also showed different susceptibility to free chlorine inactivation among enterovirus 11 and coxsackievirus serotypes B1, B4, and B5. 48 The second-order rate constants and photochemical constants for the most reactive amino acid and nucleoside monomers with chlorine in aqueous solutions vary, and the kinetics for enteric virus inactivation may also be diverse due to their complex and distinguished structure and composition of RNA, capsid, and nonstructural protein. 41 The differences in the chemical reactivity of the viral proteins or genome with respect to free chlorine and monochloramine may explain the variability in enteric virus susceptibility. 42,49−51 Another possible source of variance in susceptibility among viral genotypes/serotypes is the evolutionary process of viruses with high mutation rates, which may lead to the acquisition of resistance to chlorine. A previous study reported varied free chorine susceptibilities among poliovirus strains, in which laboratory-grown strains were inactivated more rapidly than indigenous strains. 52 Other studies have found that echovirus 11 and bacteriophage MS2 gained resistance to chlorine dioxide following serial exposure and regrowth in the cell hosts. 49, 50, 53 Higher resistance of bacteriophage MS2 to chlorine dioxide was caused by mutations, leading to more stable host binding during inactivation of the mutants compared to the wild type. 49 Our previous study demonstrated that a lower susceptibility of MNV populations to free chlorine appeared after repetitious free chlorine exposure. 42 A mutation located at nucleotide T7280C[VP2:F200S] that causes an amino acid substitution in VP2 protein might increase the stability of a viral capsid by protecting the MNV VP1 proteins from disassembly due to free chlorine exposure. 42 The type of matrices used in the disinfection experiments and experimental conditions such as temperature and pH also cause a significant difference in the virus inactivation efficiency, as shown by the variance of the data sets for MNV, EV, and CVB inactivation with free chlorine and monochloramine (Figures 1, 3, and 4 ). In MNV inactivation results, higher inactivation efficiency was observed in water matrices with higher TOC compared to the buffer matrix in spite of the similar pH (7 and 7.2) and temperature (5°C). The reason why higher TOC leads to the higher inactivation efficiency of MNV is not clear. We suspect that organic radicals may be produced by the reaction of free chlorine with TOC components and contributed to the virus inactivation, but further investigation is needed to prove it.
The CT values for free chlorine inactivation were higher at pH ≥ 8 compared to pH ≤ 7.5. Due to the pH-dependent aqueous chemistry of chlorine, two types of free chlorine (HOCl and ClO − ) are formed upon reaction with water. 54, 55 The hypochlorous acid (HOCl) has a higher biocidal effect and is present at higher percentage in a pH range of 3−6, and the presence will decrease (<50%) at pH higher than 7.5. Therefore, viral inactivation with free chlorine at any pH higher than 7.5 may require longer contact time, thus higher CT value is needed. 54, 55 Meanwhile, the CT values at a higher temperature (ΔT = 10°C) were lower compared to those at lower temperatures, which suggests that the chlorination process was more efficient. The diffusion coefficient of the chlorine species is higher at higher temperature, which results in an increase of contact frequency between viral particles and free chlorine. 56 A minimum 4-log 10 reduction is regulated in the EPA disinfection profiling and benchmarking guidance manual. 57 Our results showed CT values for a 4-log 10 reduction (with 95% confidence interval) for free chlorine inactivation ranged from 0.07 (0.05−0.12) to 18.1 (12.9−30.7) mg × min/L ( Table 1) . As a comparison, the USEPA project summary of the inactivation of microbial agents by chemical disinfectants in 1986 mentions that CT values ranging from 0.01 to 0.05 and 1.1−2.5 mg × min/L of free chlorine are necessary for a 2-log 10 reduction of rotavirus and poliovirus 1, respectively 17 (Table  1 ). The USEPA guidance manual for compliance with the filtration and disinfection requirements for public water sources 16 indicates that CT values ranging from 2.0 at 25°C to 8.0 mg × min/L at 0.5°C are required for a 4-log 10 reduction of viruses by free chlorine. The USEPA disinfection profiling and benchmarking guiding manual (1999) lists CT values of 8 and 6 mg × min/L for a 4-log 10 inactivation of hepatitis A virus by free chlorine at pH 6−9 and 5, 10, and 15°C , respectively. 57 The WHO guidelines (2008) for drinking water require CT values of 12 and 8 mg × min/L for a 2-log 10 virus inactivation of enteric virus using free chlorine at pH 7− 7.5 and 0−5 and 10°C, respectively. 58 A more recent WHO guideline (2011) states that 2−30 mg × min/L of CT values are required to obtain minimum removal of a 2-log 10 reduction of enteric viruses at pH of 7−9 and 0−10°C. 8 In the case of monochloramine inactivation, the CT values for a 4-log 10 reduction of enteric viruses range from 142 [117− 190] to 6085 [4864−8124] mg × min/L [with 95% of confidence interval] ( Table 2 ). Our results showed lower CT values compared to the USEPA project summary of the inactivation of microbial agents by chemical disinfectants (1986), which requires CT values of 768−3740 and 3806− 6476 mg × min/L by preformed chloramine for a 2-log 10 reduction of poliovirus 1 and rotavirus, respectively. 17 WHO guidelines for drinking water (2008) require CT values of monochloramine ranging from 430 to 1240 mg × min/L for a 2-log 10 reduction of virus at a pH of 6−9, and a temperature of 1 and 15°C, respectively. 58 The USEPA guidance manual for compliance with the filtration and disinfection requirements for public water systems using surface water sources (1991) shows that CT values for a 4-log 10 reduction range from 994 mg × min/L at 55°C to 1,988 mg × min/L at 5°C. 16 CT values mentioned in the guidelines were calculated based on the initial chlorine concentrations multiplied by contact time. The upper bound at 95% confidence interval of CT values should be considered to ensure the public safety from enteric virus infection risk.
In the previous project summary and guidelines (USEPA 1986 and 1991) , the calculation of CT values was based on the first-order chemical reaction as defined by Chick's law, in which the chlorine decay rate in the system was not considered in the formula. 59 Similarly, in other guidelines for drinking water, such as those published by EPA and WHO, disinfection profiling and benchmarking account for the CT value in mg × min/L by multiplying the initial disinfectant concentration (C) in mg/L and the minute count during which water is in contact with a type of disinfectant (T) in water treatment, without considering the chlorine decay rate. 58, 8, 57 In addition, those guidelines are based on bacteriophage MS2 and poliovirus as human virus models, which are not sufficient to represent other enteric viruses with higher resistance to free chlorine or monochloramine. Our results provided more updated CT values using the EFH model, in which the chlorine decay rate was considered in the calculation; the rate also fit better with the experimental data.
As enteric viruses are well-known to cause gastroenteritis and some respiratory diseases, it is important for policy makers and engineers to consider the most appropriate disinfection agents and CT values to be applied in the WWTP to maintain the public health safety level. 60, 61 To obtain a 6-to 7-log 10 reduction of enteric viruses, as required for the reuse of WWTP effluent as reclaimed water, a disinfection process needs to achieve a performance of 4-log 10 enteric virus removal, given the assumption that a 3-log 10 reduction of enteric virus was achieved by the primary and secondary treatments prior to disinfection. 10 This review provided the CT value needed for the engineer to obtained the required doses.
PERSPECTIVE AND OUTLOOK
In 2015, more than 600 million people in the world were still using unimproved sources or surface water. The United Nations aims to provide clean water and sanitation as one of the Sustainable Development Goals. Water reuse is proposed as one of the solutions to fulfill the water demand among unevenly distributed surface water sources around the world, mainly if fresh water is mainly consumed as drinking water. To be safely used as nonpotable water, microbial contaminations from the water should be eradicated. USEPA and WHO listed enteric viruses as contaminant candidates and health risk agents for human population. Disinfectantion as the last barrier in wastewater treatment plays a critical role in removing those enteric viruses. This study derived the required chlorination dose to fulfill the 4-log 10 reduction of enteric viruses. It is important to examine the chlorine dosage (CT value) for all possible enteric viruses due to their different sensitivity to chlorine disinfectants. In addition, previous guidelines were generated without using a more suitable model for the calculation of chlorine doses (CT value), in which the rate of chlorine decay was considered in this calculation. Data sets applying EFH model in the CT value calculated were collected and then analyzed using a simple linear regression and Tobit model to obtain the general consensus. Our study revealed that enteroviruses, including CVB and EV, are suitable as enteric viruses representative for water disinfection evaluation using free chlorine, while AdV can properly be used for monochloramine. Environmental parameters such as temperature, pH, and water matrices are important in designing the appropriate chlorination strategies in the wastewater treatment plant. It is important to employ less susceptible strains in the disinfection tests, as disinfection rates observed in more susceptible strains would be less accurate in predicting viral inactivation efficiency of circulating strains under practical disinfection conditions. One last important point is that the efficacy of chlorine species as a disinfection agent on enteric viruses needs to be reviewed continuously in response to new findings related to emerging enteric viruses and strains with higher resistance to free chlorine.
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